INTRODUCTION
Over the past twenty years, composite material usage in primary aircraft structures has increased dramatically. Providing high strength, stiffness, and weight savings, these structures are often large and complex in shape, and usually flight critical. Fighter aircraft manufacturing requires 100% inspection of all flight critical parts prior to installation. Periodic in-service inspections of some components may be necessary for the life of the vehicle. Automated ultrasonic systems, using piezoelectric transducers and mechanical scanners, have been used by the aerospace industry for inspecting flat or mildly contoured composite parts in the production environment. These conventional systems are typically slow, require significant setup time for highly contoured parts, and are generally inappropriate for in-service inspections where access is limited to a single side. In view of the increasing usage of composite parts in fighter aircraft, conventional ultrasonic inspection systems will not be able to meet the demanding NDI needs in the production and in-service testing of next-generation fighter aircraft. The laser ultrasonic testing (Laser DT) method, which has been shown to have many advantages over conventional DT systems, can meet these challenging needs [1] . The advantages of Laser UT are: (1) the method is non-contact, requiring no couplants, (2) it can rapidly scan large areas, (3) it is able to inspect at angles far off normal, (4) it does not require expensive part fixtures, and (5) prior knowledge of the surface contour is not required. Laser DT can significantly reduce the time and cost of inspecting complex contoured composite parts by reducing or eliminating part fixtures and long setup times. Furthermore, by using optical scanning techniques, Laser DT is capable of testing complex contoured composite structures at speeds that can not be matched by conventional mechanical scanning systems.
At Lockheed Martin Tactical Aircraft Systems (LMTAS), Laser UT methods have been investigated since 1983 through Independent Research and Development (IR&D) and US Air Force programs, [1] [2] [3] [4] . Defect detection sensitivity was verified for most manufacturing and in-service applications using the LMTAS prototype Laser UT system which has been reported previously [5] . In this paper, a second generation laboratory Laser UT system with improved capability for NDE of advanced complex composite structures will be presented. The time and cost savings realized by testing complex contoured parts with Laser UT will be shown through direct comparison with a conventional UT system.
LASER UT SYSTEM DESCRIPTION
The basic theory of operation for laser ultrasonic inspection systems has been described previously [1] . As shown in Figure 1 , when a laser beam illuminates the surface of an organic matrix composite part, absorption of light energy by the material induces local thermoelastic expansion which in tum generates ultrasound. The ultrasound generated by the laser is similar to that produced by conventional transducers except the surface of the part is now the transducer. Therefore, the ultrasound always travels normal from the surface into the part independent of the incident angle of the laser beam. A second laser and an interferometer are used as the receiving transducer in the pulse-echo mode to detect ultrasound reflected from the back surface of the part or by a defect, such as a delamination, inclusion, or void. Figure 1 schematically illustrates the laser-material interaction.
A photograph of the second generation prototype Laser UT system developed at LMT AS is shown in Figure 2 . The system consists of two pulsed lasers, a single mirror optical scanner, large aperture collection optics, a differential interferometer, a high-speed data acquisition system, and a graphics workstation .
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Is Modulated by the Vibrating Surlace Figure 1 . Laser-material interaction shows thermoelastic generation mechanism. Laser UT systems must demonstrate equivalent or superior defect detection sensitivity relative to current conventional UT systems before the technology can migrate from a laboratory environment into daily production use. Thus, a major objective has been to improve the performance of the prototype system so that it is no longer considered a novelty, but instead is viewed as a practical alternative to conventional systems. There are two fundamental ways to increase the defect detection sensitivity of a Laser UT system: (1) increase the amplitude of the signal produced by the generation laser, or (2) improve the signal-to-noise ratio (SNR) in the detection process. The first approach is limited by the damage threshold of the composite material. This effectively places an upper bound on the size of the signal that can be safely induced for a given materiaVlaser combination. In this system, a short-pulsed high peak-power laser is used to induce ultrasound without any surface damage to the composite. The second approach is to improve the SNR in the detection process by using very sensitive interferometers and increasing the detection system collection efficiency. Our system uses a long-pulse high peak-power detection laser, a large aperture optical scanner and large aperture collection optics to increase the amount of laser light reaching the sensitive dual differential Fabry-Perot interferometer. With these design approaches, the SNR of the system was increased significantly beyond the first generation prototype and is now capable of inspecting composite parts without any surface preparation or light enhancement coatings.
Both the first generation prototype and this system use advanced digital data acquisition systems. The design approach has always been to use high-speed digital capture, rapid digital signal processing (DSP), advanced 3D visualization, and full archival of the ultrasonic data. Major advancements in the system include: using a dedicated realtime control computer, multi-channel high-speed digitizers tightly coupled to advanced DSP boards, fast inter-computer data communication using reflective memory techniques, multiple vector processors tightly coupled to the visualization subsystem, and interactive 3D data visualization using a graphics workstation.
This improved system has successfully evaluated many types of composite structures including: complex contoured skins, bulkheads, stiffeners, pivot shafts, and radar absorbing coatings, without special surface preparation or light enhancement coatings. The performance and time/cost savings of using this system to inspect a complex contoured composite aircraft inlet structure are reviewed below.
SYSTEM PERFORMANCE AND COST -SA VING DEMONSTRATION
Conventional systems typically only record data which is discriminated based upon a preset flaw criteria. The post processing of inspection results with these systems is therefore limited by the initial setting of ultrasonic parameters. If the initial parameter settings are wrong, then the part must be inspected again. In our Laser UT system, each ultrasonic waveform is digitized and stored in the computer. This eliminates the need for repeated testing since all raw data is recorded during the original scan. Analysis of the inspection results is interactive. To review a particular location in detail, the inspector moves the cursor to the region of interest in the C-scan imagc and the corresponding Ascan is displayed immediately. To view a cross-section of the part, the inspector uses the cursor to draw a line across the area of interest and the B-scan presentation is displayed. The C-scan image can be examined according to the signal amplitude (the amplitude C-Scan image) or the signal time information (the depth C-scan image). During the inspection, both the A-scan and C-scan images are displayed and updated in real time.
An LK-UT90 system is currently used in production to test complex composite parts fabricated under the F-22 program. The LK is an automated system with contourfollowing capability and is able to test in both through-transmission and pulse-echo modes. Therefore, a direct comparison of the production characteristics of the Laser UT system with that of the LK conventional system is a realistic evaluation of the practicality of the Laser UT system. The LK system requires a custom part fixture and time consuming contour mapping procedures to train the system for the contour-following operation. It also requires a long set-up time for the specific scanning parameters and cannot effectively inspect tapered ply transition regions in a composite laminate without large increases in setup time. These transition areas are manually inspected after the automated inspection is complete. In contrast, the Laser UT system requires practically zero set-up time and can inspect 100% of the part, including transition areas, without loss of data.
An F-22 inlet duct skin (IM7/5250-4 BMI laminate), shown in Figure 3 , was chosen for use in a comparison test between the production LK system and the Laser UT system. This inlet is approximately 4 feet long and 3 feet wide and has a complex contoured surface. The part ranges from 0.1 to 0.25 inches in thickness and has significant ply transition regions in the "windowed" areas. This part was rejected in production due to visible wrinkles that occur near the ply transitions of the windowed areas. The Laser UT inspection results of the front section of the part are shown in Figures 4 and 5 .
The wrinkles in the skin, shown in Figure 4 , cause sound attenuation to appear in the amplitude C-scan image as dark lines running roughly vertically in the middle of the windows. The depth C-scan shows thickness variation of the part, but no internal defect was observed inside the part. The B-scan in Figure 5 shows strong back surface signals across the entire part including the ply transition areas. Conventional systems will typically drop data in the ply transition area which then must be hand-scanned. The Laser UT system does not. This is a clear demonstration of the advantage of Laser UT over conventional systems in the inspection of tapered complex composite parts. The time required for the Laser UT system to scan the front view of the part was only 35 minutes. Complete testing of the inlet requires three rotation of the part (front, right and left view) for full coverage. Figure 6 shows the inlet right side view and the depth and amplitude Cscans. The total inspection time of the inlet duct using the Laser UT system was less than 2 hours -about 10 times faster than the production UT system. A comparison of inspection times between the Laser UT system and the LMT AS production UT system on the inlet duct is summarized in Table 1 . The cost savings that would be realized by replacing conventional systems with Laser UT systems is clearly evident. Although the cost of a production-hardened Laser UT system would be roughly the same as an automated conventional UT system, significant additional savings would be realized when one Laser UT system could potentially provide the throughput of 10 conventional systems.
As one test of Laser UT system data quality and defect detection capability, an F-22 inlet duct splice skin, previously inspected in production with the LK system, was tested with our Laser UT system. This skin is a highly contoured graphite/epoxy laminate that was accidentally manufactured with an inclusion later identified as backing paper. Figure 7 shows ultrasonic data from the LK-UT90 system and our Laser UT system in a side-byside comparison. Note the loss of data in the ply transition area and poor data registration in the LK plot. These problems are not seen in the Laser UT plot where data registration is excellent and there is no loss of data in the ply transition areas, although there is a slight loss in signal amplitude. 
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CONCLUSIONS
The LMT AS prototype Laser UT system has successfully demonstrated that it can greatly reduce the time and cost of inspecting composite structures. It can inspect complex contoured composite structures 10 times faster than conventional systems and has shown equivalent or superior defect detection sensitivities. The next generation fighter aircraft may contain more than 50% composite structure. Conventional UT systems cannot handle this demanding NDI work load in a cost-effective manner. By direct comparison of the performance of the Laser UT system with a conventional UT system we have clearly demonstrated that Laser UT can meet the NDI challenge of future fighter production programs.
